1.. Introduction
================

Flow measurements have become increasingly important in the micro/nano systems for chemical analysis, drug delivery and so on \[[@b1-sensors-06-00473],[@b2-sensors-06-00473]\]. Presently thermal measurement is still the main choice in measuring micro/nano flow of aqueous liquids \[[@b3-sensors-06-00473],[@b4-sensors-06-00473]\]. Thermal measurement has advantages such as sensing very low flow rate. However, in order to achieve good thermal isolation, complicated MEMS structures are necessary, which are quite difficult to be implemented. In 2002 we reported an electrochemical time-of-flight (TOF) flow sensor \[[@b5-sensors-06-00473]\]. This flow sensor consists of two electrochemical cells. The upstream cell functions as an in-situ oxygen producer while the downstream cell is used to detect the produced the oxygen pulse. Since the geometry setup of the micro-channel is known, the flow rate is derived from the time difference between produce and detection. Unlike thermal pulse, oxygen pulse does not diffuse into the wall of micro-channel. There is no any isolation structure is required in this electrochemical TOF flow sensor. The flaw of this electrochemical TOF flow sensor is that produced oxygen pulse sometimes forms a bulb and blocks the micro-channel.

Collins et al proposed a microfluidic flow transducer based on the measurement of electrochemical admittance \[[@b6-sensors-06-00473]\]. In this case, the AC admittance of a pair of gold electrodes in the micro-channel is monitored, which is related to the flow rate. There is no isolation structure required in this electrochemical flow sensor. However, the AC admittance of the electrodes is related to liquid components too. With this method, the concentration of electrochemical components in liquid has to be determined in advance. Amatore et al also proposed an electrochemical flow sensor which exploits the electrochemical cycling of a redox couple between closely spaced band electrodes \[[@b7-sensors-06-00473]\]. The cycling efficiency is related both to the electrode gaps and the flow rate (convective transportation). In this approach, a redox couple in liquid is elementary.

Recently, we proposed a micro electrochemical flow sensor which consists of two closely spaced amperometric oxygen sensors \[[@b8-sensors-06-00473]\]. The distance between the working electrodes of these two oxygen sensors is 10 μm and the across section of the micro-channel is 100 μm × 100 μm. During measurement, the upstream amperometric oxygen sensor consumes a part of dissolved oxygen \[[@b9-sensors-06-00473]\]. In this way, the response of downstream amperometric is reduced since both sensors are closely spaced. The simulation results show that although the response of each oxygen sensor is related to both the oxygen concentration and flow rate, the ratio of the responses of these two oxygen sensors is only determined by flow rates in the micro-channel. Therefore, it is not necessary to know the analyte concentration in advance. By comparing the output of two amperometric sensors, the flow rate in the channel can be deduced. The advantage of this flow sensor is that no complicated micro-structure is required and oxygen concentration in the solution is not needed to be determined in advance.

In this paper, we further investigate this type of flow sensor in nano-meter scale by digital simulation. In micron scale, it is possible to neglect the diffusion in flow direction because convection is usually very fast compared to this diffusion. However, since the diffusion time is proportional to the square of the distance, diffusion plays an important role in mass transportation when the distance between the working electrodes of two amperometric sensors are in nano-meter range. In this paper, a new model is set up and corresponding digital simulations are carried out.

2.. Sensing principle and simulation results
============================================

The proposed flow sensor consists of two amperometric sensors integrated in the flow channel, which is shown schematically as [figure 1](#f1-sensors-06-00473){ref-type="fig"}. Theoretically, any amperometric sensor can be used for the proposed flow sensor. However, normally there is always some dissolved oxygen in the aqueous solution. Meanwhile, amperometric oxygen sensor has been well studied. Therefore, amperometric oxygen sensor is used during the modeling.

An amperometric oxygen sensor consists of the working electrode, the reference electrode and the counter electrode. Since both amperometric sensors are closely spaced in the same aqueous solution, one set of counter electrode and reference electrode is enough, which is shared by two working electrodes.

On application of a negative potential on the working electrodes, oxygen is reduced and a current passing through: $$\left. \text{O}_{2} + 4\text{H}^{+} + 4\text{e}^{-}\rightarrow 2\text{H}_{2}O \right.$$

The current of the oxygen sensor is determined by the oxygen concentration in the solution, the mass transportation of oxygen in the channel and the electrode kinetics.

The general equation describing diffusion and convection for a species in a channel is: $$\frac{\partial c}{\partial t} = D\left( {\frac{\partial^{2}c}{\partial x^{2}} + \frac{\partial^{2}c}{\partial y^{2}} + \frac{\partial^{2}c}{\partial z^{2}}} \right) - \left( {v_{x}\frac{\partial c}{\partial x} + v_{y}\frac{\partial c}{\partial y} + v_{z}\frac{\partial c}{\partial z}} \right)$$where *c* is the concentration of oxygen, *D* is the diffusion coefficient, *v~x~* , *v~y~* , and *v~z~* represent the solution velocity profile in the *x*, *y* and *z* direction. In the case of a flow sensor in the channel, this general equation can be simplified in a number of ways. First, laminar flow prevails in the micro/nano-channel because Reynolds number is generally smaller than 2100. The velocities in *y* and *z* direction can be omitted. The profile of the solution velocity along *y* direction is represented by: $$v_{x} = v_{0}(1 - y\prime^{2}/h^{2})$$where *v*~0~ is the velocity at the center of the channel, *y* ′ = *y* − *h* and h is the half height of the channel. Second, if the length of electrodes of the oxygen sensor in *z* direction is smaller than the width of the channel, it is also possible to neglect the diffusion in *z* direction. Furthermore, as long as the time of the negative potentials applied on the working electrode is long enough, this is a steady state problem. All these simplifications reduce the [Eq. 2](#FD2){ref-type="disp-formula"} into a two-spatial problem along the longitudinal cross section of the nano-channel: $$\frac{\partial c}{\partial t} = D\mspace{2mu}\left( {\frac{\partial^{2}c}{\partial x^{2}} + \frac{\partial^{2}c}{\partial y^{2}}} \right) - v_{x}\frac{\partial c}{\partial x}$$The boundary conditions are as follow: $$\begin{matrix}
\textit{for} & {y = 0,} & {0 < x \leq w_{e}} & {c = 0} \\
\end{matrix}$$ $$\begin{matrix}
\textit{for} & {y = 0,} & {w_{e} < x \leq d + w_{e},} & {D\frac{\partial c}{\partial y} = 0} \\
\end{matrix}$$ $$\begin{matrix}
\textit{for} & {y = 0,} & {d + w_{e} < x \leq d + 2w_{e},} & {c = 0} \\
\end{matrix}$$ $$\begin{matrix}
\textit{for} & {y = 0,} & {d + 2w_{e} < x < l,} & {D\frac{\partial c}{\partial y}} \\
\end{matrix} = 0$$ $$\begin{matrix}
\textit{for} & {y = 2h,} & {D\frac{\partial c}{\partial y} = 0} \\
\end{matrix}$$ $$\begin{matrix}
\textit{for} & {x = 0,} & {c = c_{\textit{bulk}}} \\
\end{matrix}$$[Equations 5](#FD5){ref-type="disp-formula"} and [7](#FD7){ref-type="disp-formula"} specify the boundary condition at the working electrode of the amperometric oxygen sensor. Here it is supposed that the kinetics of the electrode reaction is fast enough to deplete oxygen immediately. The oxygen concentration at the surface of the working electrode is zero. [Eq. 7](#FD7){ref-type="disp-formula"}, [8](#FD8){ref-type="disp-formula"} and [9](#FD9){ref-type="disp-formula"} specify the boundary condition at the top and bottom of the channel. There is no flux of oxygen through the wall of the channel. [Eq. 10](#FD10){ref-type="disp-formula"} corresponds to the flow of the bulk solution from the left side. *c~bulk~* is the dissolved oxygen concentration in the solution.

A program was developed in a MatLab environment to numerically calculate the distribution of oxygen in the nano-channel and the current passing through the working electrodes based on finite difference method. During the simulation, the channel dimension is *h* = 500 nm, *l* = 3 nm, *w~e~* = 200 nm and *d* = 200 nm. The concentration of dissolved oxygen, *c~bulk~*, is set absolutely. For Solution 1, *c~bulk~* is set at 1 while for Solution 2 *c~bulk~* is set at 2. The simulated results are summarized in [Table 1](#t1-sensors-06-00473){ref-type="table"}. Here the flow rate is *v~0~*, the velocity at the center of the channel with dimension of cm/s. The relationship between v~0~ and the bulk flow rate *V*~volume~ is: $$V_{\textit{volume}} = \frac{8v_{0}hL}{3}$$where *h* is the half height of the channel and *L* is the width of the channel. If *h* = 500 nm and *L* = 1 μm, *V*~volume~ is 1.6 nl/min when *v~0~* is equal to 1 cm/sec. *i~up~* and *i~down~* are the currents passing through the upstream and down stream oxygen sensors, respectively. The current passing through the working electrode of oxygen, *i*, is calculated according to the Faradic law: $$i = 4\textit{FAD}\frac{\partial c}{\partial y}$$where *F* is the Faraday constant and *A* the area of the working electrode.

It is shown in the [Table 1](#t1-sensors-06-00473){ref-type="table"} that the current passing through each amperometric oxygen sensor is related both to the flow rate and the oxygen concentration in the solution. Therefore, it is impossible to use amperometric sensor to detect flow rate unless the analyte concentration has been determined in advance. However, the ratio of the current passing through two sensors is only related to the flow rate, insensitive to the oxygen concentration in the solution. The physical explanation for this phenomenon is as follow. Since the distance between the working electrodes are in nanometer range, when upstream solution arrives at the working electrode of downstream sensor, the oxygen consumed by upstream sensor will not be fully compensated by diffusion in *y* direction yet. In this way, the oxygen concentration around the downstream sensor is different from that in bulk solution. This difference is related to the distance of two oxygen sensors and also the flow rate. The distance between the oxygen sensors has been determined during the fabrication. Therefore, the ratio of currents between upstream working electrode and downstream working electrode is determined only by the flow rate. By comparing the output of two oxygen sensors, the flow rate in the channel can be deduced. Furthermore, as long as the responses of both sensors to the dissolved oxygen are linear (*i* ∝ *c~oxygen~*), the alteration of dissolved oxygen concentration has the same effect on them. The current ratio between these two sensors is not affected by oxygen concentration. In this way, it is not necessary to know the exact oxygen concentration in the solution any more.

Further simulation was also carried out to investigate the influence of the distance between two working electrodes on the measurement sensitivity. The results are shown in [Fig. 2](#f2-sensors-06-00473){ref-type="fig"}. For curve a, the distance between two working electrodes is 100 nm, while for curve b and c are 200 nm and 500 nm, respectively. In each curve, the current ratio is decreased with the increase of flow rate. However, the response is saturated when the flow velocity *v*~0~ is faster than 2.5 cm/sec (*V~volume~* = 4 nl/min). Fig. 3 also indicates that smaller distance gives higher sensitivity. In real implementation, the smallest pitch will be limited by the available fabrication technique.

3.. Conclusions
===============

In this paper, a novel nano aqueous flow sensor which consists of two closely spaced amperometric sensors is investigated by digital simulation. In nano-meter scale, diffusion plays an important role in mass transportation in flow direction. However, the simulation results indicate that the ratio of the responses of two closely spaced amperometric sensors is only related to flow rates in the micro channel, insensitive to the analyte concentration in the solution. In this way, it is not necessary to know the analyte concentration in advance. By comparing the output of two amperometric sensors, the flow rate in the channel can be deduced. The simulation results show it is able to detect flow rate by in the range of several nano-liters per minute when the distance between the working electrodes of two amperometric sensors is 200 nm and the cross-section of the micro-channel is 1 μm × 1 μm. The advantage of this type of flow sensor is that no complicated micro/nano structures are required.
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![The coordinate of the nano flow sensor during simulation. The upstream amperometric sensor and downstream amperometric sensor share common counter and reference electrodes. WE: working electrode, RE: reference electrode, CE: counter electrode.](sensors-06-00473f1){#f1-sensors-06-00473}

![The relationship between the flow rate and the ratio of currents between upstream working electrode and downstream working electrode, *i~downstream~*/*i~upstream~*. For curve a, the distance between two working electrodes is 100 nm, while for curve b and c, the distances are 200 nm and 400 nm, respectively. Flow rate is the flow velocity at the center of the channel.](sensors-06-00473f2){#f2-sensors-06-00473}
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The simulation results.

  ----------------------------------------------------------------------------
  Flow rate\   Solution 1   Solution 2                                
  *v~0~*                                                              
  ------------ ------------ ------------ -------- --------- --------- --------
  0.5          4.3848       3.667        0.8365   8.7696    7.334     0.8365

  1            4.9025       3.6677       0.7481   9.8057    7.3355    0.7481

  1.5          5.3837       3.8139       0.7084   10.7674   7.6278    0.7084

  2.5          6.165        4.2439       0.6884   12.33     8.4878    0.6884

  5            7.4671       5.1688       0.6922   14.9342   10.3376   0.6922

  10           9.0639       6.383        0.7042   18.1278   12.766    0.7042

  25           11.7973      8.5044       0.7209   23.5946   17.0088   0.7209
  ----------------------------------------------------------------------------
